Synthetic receptors are a valuable tool to study noncovalent interactions between chemical species ranging from ions and small molecules to biomacromolecules such as proteins and nucleic acids. Most of the synthetic receptors prepared to date are cleft-type molecules or macrocycles that possess binding sites with convergent functional groups complementary to targets. 1 The binding sites are in general preorganized by rigid covalent bonds in order to enhance the binding affinities. On the other hand, natural receptors such as proteins and enzymes contain binding pockets which are created by folding. A number of synthetic oligomers that fold like secondary structures of proteins have been prepared using small organic molecules.
2 Upon folding, some of them afford an internal cavity that can accommodate ions and small organic molecules, thus serving as synthetic receptors.
3
Our group has demonstrated that synthetic oligomers capable of folding in helical structures, called foldamers, can bind anions in an internal cavity by hydrogen bonds.
4,5 For example, we prepared a series of oligoindole foldamers which consisted of biindolyl units connected by ethynyl linkers.
4 Upon anion binding, the oligoindoles adopt helical structures as proven by various 1 H-NMR techniques. We also used an indolocarbazole derivative for the construction of foldamer-based anion receptors.
5 In particular, a watersoluble indolocarbazole trimer 5a was proven to bind small halides such as fluoride, chloride, and bromide with moderate affinities in D 2 O as determined by 1 H-NMR titrations. The foldamer-based anion receptors prepared in our group offer a tubular cavity templated by anion binding through hydrogen bonds. Maximum interactions between foldamers and anions depend on the complementarity of the contact areas of two interacting parts. As a result, each anion would have optimum dimension or height of the cavity which is determined by the length of oligomers.
6 Herein, we investigated the chain length-dependent affinities of chloride ion with indolocarbazole foldamers 1-4, monomer to tetramer. The association constants were found to steadily rise from monomer 1 to dimer 2 to trimer 3, and then reached near saturation. In addition, we compared the binding affinities of chloride on between indolocarbazole trimer 3 and biindolyl trimer 5.
Despite the same number of hydrogen bond donor NHs, 3 showed much stronger affinity than 5 by ∆∆G = 3.2 kcal/mol.
The synthesis of 1-4 were previously described (Scheme 1) and the association constants of 1 and 2 with chloride ion were reported to be 11 M −1 for 1 and 560 M −1 for 2 in a polar organic medium, 4:
5a Unlike 1 and 2, 1 H-NMR spectra of longer oligomers 3 and 4 were completely broadened out, thus giving no signal at all, possibly due to slow exchange between self-aggregates. However, addition of tetrabutylammonium chloride led to sharp and clearly resolved ties by 2.4 ± 0.1 kcal/mol under given conditions. However, the increment in the free energy is only ∆G = 0.8 kcal/mol from trimer 3 to tetramer 4, showing that one additional indolocarbazole unit in 4 does not participate effectively to the binding event. This explanation is also supported by computer models (MacroModel 9.1, MMFFs force field, gas phase).
9
As shown in Figure 2 , all of the six NHs in 3 are involved in strong hydrogen bonds with chloride ion (NH•••Cl -distances 2.5 ± 0.2 Å). In tertamer 4, however, six internal NHs form strong hydrogen bonds (2.5 ± 0.2 Å) but two NHs at both ends are far away (3.1 Å) for hydrogen bonds.
Next, we compared the binding affinity of chloride ion between indolocarbazole trimer 3 and biindolyl trimer 5 10 in order to investigate the preorganization effect on the binding energy. It should be noted that two NHs in the indolocarbazole unit are fixed in a cis orientation but those in the biindolyl exist in a s-trans conformation to minimize dipoledipole repulsion. Upon binding chloride, the biindolyl moiety adopts an unfavorable s-cis conformation. This conformational reorganization should reduce the binding affinity. For quantitative analysis, we carried out ) of 3 and chloride ion. The difference in the binding free energy is ∆∆G = −3.2 kcal/mol which stems from the preorganization of indolocarbazole versus biindolyl.
In conclusion, we revealed the chain length-dependent affinities of chloride ion to indolocarbazole foldamers. Moreover, the preorganization effect on the stabilization of complexes was demonstrated by comparison of relative binding affinity of chloride ion between indolocarbazole and biindolyl trimers. Considering diversity of the length, size and shape, anions may display different selectivity on the chain length of foldamer-based anion receptors. We will continue our research in this direction. Energy-minimized structures of the chloride complexes of trimer 3 and tetramer 4 (MacroModel 9.1, MMFFs force field, gas phase). All of the CH hydrogen atoms, esters and phenylethynyl termini were omitted for clarity.
